Introduction
Albright hereditary osteodystrophy (AHO) is a monogenic obesity disorder caused by heterozygous loss-of-function mutations of G s α (encoded by Gnas), a ubiquitously expressed G protein that couples hormone and neurotransmitter receptors to intracellular cAMP generation. AHO patients develop obesity (1), reduced energy expenditure (2) , and insulin resistance (3) , but only when the mutation is present on the maternal allele. Similar parent-of-origin-specific metabolic effects are present in mice with heterozygous germline deletion of Gnas exon 1 on the maternal (E1 m-) and paternal (E1 p-) alleles (4) (5) (6) . These parent-of-origin effects are due to Gnas imprinting, which leads to G s α being primarily expressed from the maternal allele in certain tissues (7) . In these tissues, a loss-of-function G s α mutation on the active maternal allele leads to severe G s α deficiency and can lead to a phenotype, whereas the same mutation on the inactive paternal allele has little effect on G s α expression and therefore produces little or no phenotype.
Studies in mice with maternal (mBrGsKO) and paternal (pBrGsKO) heterozygous G s α mutations limited to the CNS demonstrate that the parent-of-origin-specific metabolic phenotype results from G s α imprinting within one or more CNS regions, as the same metabolic phenotype was observed in mBrGsKO but not pBrGsKO mice (8) . The obesity associated with maternal G s α mutations is due to reduced sympathetic nervous system (SNS) activity and energy expenditure and not to hyperphagia (2, 4, 5, 8) . Several hypothalamic nuclei, including the paraventricular nucleus (PVN), ventromedial nucleus (VMH), and dorsomedial nucleus (DMH), are involved in regulation of energy and glucose metabolism. However, G s mutations within the PVN (9) or VMH (10) do not produce the metabolic phenotype seen in E1 m-or mBrGsKO mice. Therefore, the CNS site or sites where G s α is imprinted that accounts for the metabolic phenotype seen in AHO patients and mice with maternal G s α mutations remain unknown.
Central melanocortins are neurotransmitters that promote negative energy balance by stimulating energy expenditure and inhibiting food intake, primarily via MC4R receptors, which are known to activate G s α (11) . mBrGsKO mice have impaired stimulation of energy expenditure in response to the melanocortin agonist melanotan II (MTII), while the ability of MTII to inhibit food intake in these mice is unaffected (8) . It therefore appears that melanocortins stimulate energy expenditure by signaling through G s α at a CNS site other than the PVN (9, 12) . In this study, we show that G s α is imprinted in the DMH, that the metabolic phenotype associated with maternal G s α mutations is due to G s α deficiency in the DMH, and that loss of MC4R in the DMH leads to a similar metabolic phenotype. Moreover, DMH-specific loss of MC4R and G s α signaling leads to reduced brown adipose tissue (BAT) activation, but does not affect the ability of a cold environment to activate BAT.
Results

G s α is imprinted in DMH.
We examined G s α gene expression in the DMH of mice with either maternal (referred to hereafter as E1 m-) or paternal (referred to hereafter as E1 p-) heterozygous germline Gnas deletions by in situ hybridization. DMH G s α mRNA levels in E1 pmice were approximately 70% of those in controls, while DMH G s α mRNA levels in E1 m-mice were only approximately 30% of those in controls ( Figure 1, A and B) , indicating that G s α is imprinted in the DMH with preferential expression from the maternal allele. The residual DMH G s α expression observed in E1 m-mice may indicate that imprinting in DMH neurons is not complete or that G s α is G s α, encoded by Gnas, mediates hormone and neurotransmitter receptor-stimulated cAMP generation. Heterozygous G s α-inactivating mutations lead to obesity in Albright hereditary osteodystrophy (AHO) patients, but only when the mutations occur on the maternal allele. This parent-of-origin effect is due to G s α imprinting in the CNS, although the relevant CNS regions are unknown. We have now shown that mice with a Gnas gene deletion disrupting G s α expression on the maternal allele, but not the paternal allele, in the dorsomedial nucleus of the hypothalamus (DMH) developed obesity and reduced energy expenditure without hyperphagia. Although maternal Gnas deletion impaired activation of brown adipose tissue (BAT) in mice, their responses to cold environment remained intact. Similar findings were observed in mice with DMH-specific deficiency of melanocortin MC4R receptors, which are known to activate G s α. Our results show that G s α imprinting in the DMH underlies the parent-of-origin metabolic phenotype that results from G s α mutations and that DMH MC4R/G s α signaling is important for regulation of energy expenditure and BAT activation, but not the metabolic response to cold.
G s α deficiency in the dorsomedial hypothalamus underlies obesity associated with G s α mutations (lacking Cre) were used as controls. mDMHGsKO mice gradually gained more weight than control mice ( Figure 1C ) and were 38% heavier at 4 to 5 months after injection (mDMHGsKO 51 ± 1 g vs. control 37 ± 1 g), while pDMHGsKO mice gained weight at a rate similar to that of controls ( Figure 1D ). Increased weight gain was only observed in mDMHGsKO mice in which AAVCre-GFP was correctly targeted to the DMH bilaterally, while mice in which only one side was correctly targeted showed normal body weight (Supplemental Figure 1 , B and C). Only mice in which viral injection was correctly targeted bilaterally are included in the further analysis. Consistent with increased body weight, mDMHGsKO mice had marked increased fat mass ( Figure 1E ) with greater lipid accumulation within adipocytes in interscapular BAT and epididymal and inguinal white adipose tissue (WAT) ( Figure 1H ). mDMHGsKO mice also had a small but significant increase in lean body mass (Figure 1E) . The increased thickening between lipid droplets in WAT of mDMHGsKO mice is at least partially explained by increased inflammation and macrophage invasion, as these sections showed increased immunohistochemical staining for the macrophage-specific marker F4/80 (Supplemental Figure 2 ). In contrast to mDMHGsKO mice, pDMHGsKO mice showed only a small increase in fat mass ( Figure 1F ) and no obvious changes in BAT or WAT histology ( Figure 1H ). In line with their increased adiposity, mDMHGsKO mice had a 5-fold increase in serum leptin levels (at 4 to 5 months after injection), while leptin levels were only 2-fold higher in pDMHGsKO mice (Table 1) . Body length was not affected in either mDMHGsKO or pDMHGsKO mice ( Figure 1G ). This parent-of-origin effect of DMH G s α mutanot imprinted in other cell types (e.g., vascular, stroma) within the region that would be included in the samples analyzed.
Maternal, but not paternal, G s α deletion in DMH leads to obesity. Mice with DMH-specific deletion within the maternal (mDMHGsKO mice) or paternal (pDMHGsKO mice) G s α allele were generated by bilateral stereotaxic injection of AAV-Cre-GFP into the DMH of male maternal (referred to hereafter as E1 Maternal, but not paternal, Gnas deletion in DMH leads to glucose intolerance and insulin resistance. At 2 to 2.5 months after injection, mDMHGsKO mice had elevated fasting blood glucose levels (Table 1) . Serum insulin levels were unaffected while fasting, but were strikingly elevated in the fed state (Table 1) . At this time point, mDMHGsKO mice also had impaired glucose tolerance ( Figure 3A ) and insulin sensitivity ( Figure 3C ). In contrast, all of these parameters were unaffected in pDMHGsKO mice (Figure 3 , B and D; Table 1 ). Serum-free fatty acid, triglyceride, and cholesterol levels were not significantly different between groups, although triglycerides and cholesterol tended to be higher in mDMHGsKO mice (Table 1) .
In contrast to what was observed in obese mDMHGsKO mice at 2 to 2.5 months after injection, mDMHGsKO mice showed no differences in fasting glucose ( Figure 3G ) or insulin levels ( Figure 3H , time point 0) or in glucose tolerance ( Figure 3E ) at 2 weeks after injection before the development of obesity ( Figure 3F ). Insulin levels were elevated at time point 120 minutes of the glucose tolerance test ( Figure 3H ). These results suggest that G s α deficiency in the DMH does not primarily affect glucose metabolism independently of obesity.
Cold-induced thermogenesis is intact in both mDMHGsKO and pDMHGsKO mice. The DMH is a key hypothalamic region governing SNS stimulation of BAT thermogenesis (13, 14) . Consistent with histology showing inactive BAT in mDMHGsKO mice ( Figure  1H ), expression of several BAT genes involved in thermogenesis, including those for PPARγ coactivator 1-α (Pgc1a), cytochrome c ( Figure 4A ), and uncoupling protein 1 (Ucp1) ( Figure 4D , RT) were significantly reduced in mDMHGsKO mice. Despite these differences in BAT activation, mDMHGsKO mice had normal baseline body temperature (mDMHGsKO 36.7 ± 0.2°C vs. maternal control [mControl] 36.8 ± 0.3°C) and were able to maintain normal body temperature while placed at 4°C for 6 hours ( Figure 4C ). While BAT Ucp1 gene expression in mDMHGsKO mice was decreased at room temperature, its induction in response to cold was fully intact in these mice ( Figure 4D ), consistent with their ability to maintain normal body temperature in the cold. All of these parameters were unaffected in pDMHGsKO mice ( Figure 4 , B, C, and E).
We also examined the response of both interscapular BAT and inguinal WAT to chronic cold adaptation. Mice were placed in chambers in which environmental temperature was reduced by 2°C per day over 8 days and then kept at 6°C for 7 days. Similarly to what occurred in the acute cold experiments, a normal body temperature was maintained throughout the experiment and BAT Ucp1 mRNA was induced normally in both mDMHGsKO and pDMHGsKO mice (Supplemental Figure 3 , A-C). BAT histology confirmed that both groups of mutants showed smaller BAT adipocytes with reduced lipid content, a pattern consistent with increased BAT activation (Supplemental Figure 3D ). In addition, both sets of mutants showed areas of increased "browning" of inguinal WAT, as determined by increased UCP1 protein expression by immunohistochemistry (Supplemental Figure 3E ). These tion on obesity is consistent with G s α being imprinted in the DMH. There were no differences in serum triiodothyronine (T3), l-thyroxine (T4), or corticosterone levels between groups of mice ( Table 1) .
Obesity in mDMHGsKO mice is associated with reduced energy expenditure. We observed no differences in daily food intake (normalized by body weight) between mDMHGsKO and control mice at 2 months after injection ( Figure 2A ) or at 2 weeks after injection (in kcal/d) before the development of obesity in mDMHGsKO mice ( Figure 2C ). Therefore, obesity in mDMHGsKO mice is not primarily a result of hyperphagia. Food intake was also unaffected in pDMHGsKO mice ( Figure 2B ). Both resting energy expenditure (REE) and total energy expenditure (TEE) were significantly reduced in mDMHGsKO mice at ambient temperature (22°C), but were unaffected at thermoneutral temperature (30°C), a temperature at which SNS stimulation of thermogenesis is minimized ( Figure 2F ), a finding consistent with impaired SNS activation in response to an environmental temperature below thermoneutrality. mDMHGsKO mice also had low total and ambulatory activity levels at 22°C and low total activity levels at 30°C ( Figure 2H ). In contrast to mDMHGsKO mice, pDMHGsKO mice had normal energy expenditure and activity levels except for reduced ambulatory activity at 22°C (Figure 2 , G and I). Respiratory exchange ratios (vCO 2 /vO 2 ) were unaffected in both mDMHGsKO and pDMHGsKO mice (data not shown). Overall obesity in mDMHGsKO mice was associated with reduced energy expenditure with little effect on food intake.
Impaired melanocortin stimulation of energy expenditure in mDMHGsKO mice. We examined the acute energy expenditure and food intake responses to the MC3R/MC4R agonist MTII in mDMHGsKO and pDMHGsKO mice. mDMHGsKO mice showed impaired stimulation of energy expenditure in response to MTII ( Figure 2J ). In contrast, the ability of MTII to inhibit food intake was similar in mDMHGsKO and control mice ( Figure 2D ; both groups of mice showed an approximately 60% reduction in food intake after MTII when compared with a saline injection). Both energy expenditure and food intake responses to MTII were unaffected in pDMHGsKO mice (Figures 2, E and K) . The responses to MTII in mDMHGsKO mice are consistent with these mice having reduced energy expenditure and normal food intake. deletion (DMH-MC4RKO) by bilateral injection of AAV-Cre-GFP into the DMH of homozygous Mc4r-floxed mice, while mice injected with AAV-GFP served as controls. Loss of MC4R expression in the DMH was confirmed by in situ hybridization ( Figure 5A ). Overall, DMH-MC4RKO mice had a phenotype very similar to that of mDMHGsKO mice, including a large increase in body weight and fat mass with a smaller increase in lean mass ( Figure 5 , B and C), a large increase in serum leptin levels (Supplemental Table 1 ), and increased lipid accumulation in BAT and WAT adipocytes ( Figure  5L ). DMH-MC4RKO mice had a very small but significant increase in body length ( Figure 5D ). Similarly to mDMHGsKO mice, DMH-MC4RKO mice had unchanged food intake ( Figure 5 , G and H), but significantly reduced energy expenditure ( Figure 5E ), while activity levels were unaffected ( Figure 5F ). MTII stimulation of energy results confirm that both BAT activation and WAT "browning" in response to cold are preserved in mDMHGsKO mice. The DMH has been shown to also regulate cardiac SNS activity via sympathetic premotor neurons in the rostral medullary raphe region and to mediate stress-induced tachycardia (15) (16) (17) (18) . mDMHGsKO mice had significantly reduced heart rate ( Figure  4F ) with normal blood pressure ( Figure 4G ), suggesting that G s α signaling in the DMH is important in regulating cardiac SNS activity. Neither heart rate nor blood pressure was affected in pDMHGsKO mice (Figure 4 , F and G).
MC4R deficiency in DMH leads to a phenotype similar to that of mDMHGsKO mice. To determine whether the mDMHGsKO metabolic phenotype may be due to loss of MC4R-G s α signaling in the DMH, we generated mice with homozygous DMH-specific Mc4r in mDMHGsKO mice can be mostly, if not completely, accounted for by loss of MC4R signaling in the DMH.
To confirm that loss of G s α in the DMH also leads to loss of MC4R signaling in this region, we examined the phosphorylation of cAMP-response element-binding protein (CREB), a downstream response to G s α-cAMP-protein kinase A activation, in mDMHGsKO and control mice at 1 hour after i.p. MTII administration. We examined the dorsal and compact areas of the DMH, as these have been shown to be the regions where MC4R is expressed (19, 20) . The extent of phosphorylated CREB (pCREB) staining was significantly reduced in the DMH of mDMHGsKO mice as compared with controls, while the extent of staining for total CREB protein was similar between the 2 groups ( Figure 6) .
Absence of metabolic effect in mice with loss of G s α expression in other CNS regions. We previously showed that G s α mutations in SIM1 neurons (present in PVN and other sites) (9) and SF1 neurons (present in VMH) (10) do not replicate the metabolic phenotype seen in maternal germline G s α-deficient (E1 m-) (4) and maternal whole-brain G s α-deficient (mBrGsKO) (8) mice. Here, we further show that heterozygous G s α deletions in serotonergic neurons (including raphe), agouti-related peptide-expressing expenditure was impaired ( Figure 5I ), while the MTII effect on food intake was unaffected ( Figure 5J ). DMH-MC4RKO mice were also able to maintain body temperature at 4°C ( Figure 5K ) despite having relatively inactive BAT based upon histology ( Figure 5L ). During the same experiments, the ability of cold to increase UCP1 protein expression was not impaired in DMH-MC4RKO mice (Supplemental Figure 4) , suggesting that MC4R signaling in DMH is not required for BAT activation in response to cold.
DMH-MC4RKO mice studied at 2 to 2.5 months after injection (at a time when they were obese) also had elevated fasting insulin levels (Supplemental Table 1 ) and impaired glucose tolerance (Supplemental Figure 5A ) and insulin sensitivity (Supplemental Figure 5B ). Serum-free fatty acids and triglycerides were unaffected, while serum cholesterol was elevated in DMH-MC4RKO mice (Supplemental Table 1 ). However, similarly to what we observed in mDMHGsKO mice, DMH-MC4RKO mice examined at 2 weeks after injection when the mice had similar body weight (Supplemental Figure 5E) showed no significant change in glucose tolerance (Supplemental Figure 5C ), fasting glucose (72 ± 5 vs. 70 ± 5 mg/dl, n = 5-7), or fasting insulin (Supplemental Figure 5D) . Overall, our results suggest that the metabolic changes observed (Agrp-expressing) neurons, and cholinergic neurons generated by mating maternal and paternal G s α-floxed mice with tryptophan hydroxylase 2-Cre, (Tph2-Cre), Agrp-Cre, and choline acetyltransferase-Cre (Chat-Cre) mouse lines, respectively, had no effects on body weight or glucose metabolism ( Figure 7 ).
Discussion
In this study, we show that G s α is imprinted in the DMH and that the effects of maternal G s α mutations in mice (and likely AHO patients) on adiposity, energy expenditure, BAT activation, and heart rate result from G s α deficiency in the DMH due to the combined effects of mutation on the maternal allele and silencing of the paternal allele secondary to imprinting. In contrast, results from this and prior studies (9, 10) show that the same parent-of-origin-specific metabolic phenotype could not be replicated by deleting the maternal Gnas allele in the PVN, VMH, AgRP neurons, serotonergic neurons, and cholinergic neurons. MC4R mutations are the most common cause of severe early onset obesity and are associated with hyperphagia, reduced energy expenditure, increased body length, impaired BAT thermogenesis, insulin resistance, and reduced heart rate and blood pressure (21-23). Prior studies suggest that MC4R actions on food intake and body length occur primarily in the PVN and involve the relatively PVN-specific transcription factor Sim1 (12, (24) (25) (26) . These manifestations of impaired MC4R signaling are not replicated in mice with either whole brain-or PVN-specific G s α mutation (8, 9) . We recently showed that the effects of MC4R action in the PVN on food intake and body length are mediated via G q/11 α rather than G s α (27) .
The effect of DMH-specific G s α deficiency on energy expenditure and thermogenesis may reflect loss of MC4R action in the DMH, as MC4R is expressed in this region (19, 20) and MC4R activation leads to stimulation of energy expenditure and BAT activation (28) (29) (30) . We confirmed that loss of either MC4R or G s α in the DMH leads to obesity associated with reduced energy expenditure and impaired stimulation of energy expenditure in response to an MC4R agonist, showing that MC4R-G s α signaling is an important pathway in mediating the effects of melanocortins on energy expenditure. Our present model of the sites of action and G proteins involved in MC4R regulation of food intake, thermogenesis, and energy expenditure is summarized in Supplemental Figure 6 .
The DMH contains neurons that are polysynaptically connected to BAT via the rostral raphe pallidus and that stimulate SNS activity to BAT, resulting in induction of Ucp1, increased lipid oxi- dation, and thermogenesis (14, (31) (32) (33) (34) . We observed that mDMHGsKO mice had an inactive BAT appearance and reduced expression of thermogenic genes in BAT (e.g., Pgc1a, cytochrome c, and Ucp1), and similar BAT histology was observed in DMH-MC4RKO mice. These findings implicate DMH MC4R-G s α signaling in SNS activation of BAT and are consistent with a prior study showing that MTII stimulation of BAT requires MC4R activation in DMH (35) . Despite having relatively inactive BAT at room temperature, both mDMHGsKO and DMH-MC4RKO mice were able to maintain a normal body temperature when kept at 4°C for up to 6 hours, and both groups of mice were able to normally increase BAT UCP1 expression in response to cold, indicating that DMH MC4R-G s α signaling is not required for cold-induced BAT thermogenesis. In addition, we showed that WAT "browning" in response to cold is also intact in mDMHGsKO mice. The ability of mDMHGsKO mice to maintain normal cold responsiveness likely reflects the fact that inputs to the DMH in the cold-reflex neural circuit are primarily GABAnergic neurons from the medial preoptic area that do not transmit their signal via G s α (36, 37) . G s α pathways within other CNS regions are likely to be involved in cold-induced BAT activation, as responsiveness to cold is impaired in mBrGsKO mice (9) . However, we cannot completely rule out a role for G s α in DMH development of obesity. These results suggest that loss of MC4R-G s α signaling in the DMH is not sufficient to produce the primary abnormalities in glucose metabolism seen with more global mutation of G s α or MC4R. A recent study showed that effects of central melanocortins on peripheral glucose metabolism and insulin action are the result of MC4R action in cholinergic autonomic preganglionic neurons (38) .
In conclusion, our results reveal the CNS site where G s α imprinting leads to the parent-of-origin-specific metabolic phenotype observed in mice and provide a plausible mechanism for the development of obesity in AHO patients. While the onset of obesity is early (first year of life) in AHO patients and later in Gnas knockout models (6 to 7 weeks), it should be noted that MC4R mutations show a very similar discrepancy between the time of onset of obesity in humans (first year of life) versus mice (5 weeks) (22, 23) . In addition, we directly show that MC4R-G s α signaling in the DMH is important for stimulation of energy expenditure and BAT activation, although cold-induced BAT activation is not dependent on MC4R-G s α signaling in the DMH. While we focused on the role of G s α in melanocortin signaling, it is likely that the effect of G s α mutations on signaling from other receptors also contributes to the observed phenotypes. It is also possible that G s α signaling is normally involved in other important regulatory pathways that would only be observable in a complete (homozygous) knockout. neurons in cold-induced thermogenesis, as mDMHGsKO mice do not have a complete (homozygous) loss of G s α in the DMH. While MC4Rs are also necessary for cold-induced thermogenesis, loss of MC4R in the DMH is not sufficient to impair cold induction of thermogenesis. Rather, this effect has been shown to primarily involve MC4Rs in sympathetic preganglionic neurons (38) .
The DMH-medullary raphe circuit is also believed to evoke cardiac SNS activity. We observed that mDMHGsKO mice had reduced heart rate, but normal blood pressure. In contrast, mice with whole-brain and PVN-specific Gnas knockout have both decreased heart rate and blood pressure (9), consistent with G s α pathways in the PVN being the primary mediator of MC4R effects on blood pressure (27, 39) . The present results suggest that G s α signaling in different hypothalamic nuclei plays different roles in regulating cardiovascular function.
Impaired CNS MC4R (21, 40, 41) and G s α signaling (8) have both been shown to have a primary effect on glucose metabolism and insulin action independent of their effects on adiposity. We previously showed that G s α deficiency in the PVN does not have a primary effect on glucose metabolism (9) . While mDMHGsKO and DMH-MC4RKO mice develop glucose intolerance and insulin resistance after becoming obese, no abnormalities in glucose metabolism or insulin sensitivity were observed in either group of mice at 2 weeks after viral injection at a time point before the control for amplification) were 5′-GTGGGTTCCAGGTCTACGAA-3′ (forward) and 5′AGACCATTGGGGGAGGAGAT-3′ (reverse). Mice were maintained on a 12-hour light/12-hour dark cycle (6 am/6 pm) and chow diet (NIH-07, 5% fat by weight). Unless noted, animals were studied at 2 to 2.5 months after stereotaxic viral injection or at age 3 to 4 months for other mouse lines. Stereotaxic viral injections. mDMHGsKO and pDMHGsKO mice were generated by stereotaxic injection of AAV-Cre-GFP into the DMH of maternal (El , and dorsoventral (-5.125 mm) using a stereotaxic apparatus. Surgery was performed under isoflurane anesthesia (5% induction, 1.5%-2.5% maintenance via inhalation). The injection position was confirmed by GFP expression in the DMH using fluorescence microscopy (Supplemental Figure 1) , and only data from mice with bilateral DMH injections were used. Food intake, body composition, and energy expenditure. Food intake was measured for single-caged mice every other day for 2 weeks. Body composition was measured in nonanesthetized mice using the Echo 3 in1 NMR analyzer (Echo Medical Systems). Energy expenditure , a gift of D. Bartsch, Heidelberg University, Mannheim, Germany), and tamoxifen (1 mg) was i.p. injected into 6-week-old mice twice daily for 5 consecutive days (44) . Paternal heterozygotes (pAgRPGsKO, pChATGsKO, pTph2GsKO) were generated by respective reciprocal crosses. Littermates lacking the Cre genes were used as controls. Mice with heterozygous germline G s α deletion on either the maternal (E1 m-) or paternal (E1 p-) allele were generated as previously described (4) . Genotyping was performed by PCR as previously described (42) . Primers to determine the presence of the E1 flox site were 5′-TTC-GGTCTCGTCCCCTTAGTTG-3′ (forward) and 5′-AACAAATCG-CACACCCCAGTGAGG-3′(reverse); primers for the Cre gene were 5′-CCTGTTTTGCACGTTCACCG-3′ (forward) and 5′-ATGCTTCT-GTCCGTTTGCCG-3′ (reverse); and primers for α-tubulin (internal and washed in 4× SSC, dehydrated, and immersed in buffer (0.3 mM NaCl, 50% formamide, 20 mM Tris-HCl, 1 mM EDTA) at 60°C for 15 minutes. The sections were exposed in NTB2 emulsion for 3 days after treatment with ribonuclease A (20 μg/ml). The same sections were then counterstained with H&E. RNA signals were quantified using Image-Pro Plus software (Media Cybernetics). Biochemical assays. Serum insulin was measured by RIA (Millipore) or ELISA (Crystal Chem) and leptin by ELISA (R&D Systems). Serum-free fatty acids were measured using reagents from Roche, and triglycerides and cholesterol levels were measured using reagents from Thermo Scientific. Serum T3 and T4 levels were measured using reagents from Calbiotech. Serum corticosterone levels were measured by RIA (MP Biomedical). Serum glucose levels were measured with the Glucometer Contour (Bayer).
Quantitative RT-PCR. Total RNA was isolated from BAT using the RNeasy lipid tissue kit (QIAGEN) and treated with DNAse I (Invitrogen) at room temperature for 15 minutes. Reverse transcription was performed using MultiScribe RT (Applied Biosystems). BAT mRNA levels were measured by quantitative reverse transcriptase PCR (RT-PCR) (Applied Biosystems, StepOnePlus) in 20 μl reaction volumes including BAT cDNA (20 ng of initial RNA sample), 50 nM primers, and 10 μl of 2× Power SYBR Green Master Mix (Applied Biosystems). Results were normalized to simultaneously determined β-actin mRNA levels in each sample using comparative method software provided by StepOnePlus.
For additional information, see Supplemental Methods.
Statistics. Data are expressed as mean ± SEM and were analyzed by 2-tailed unpaired Student's t test with differences considered significant at P < 0.05. Study approval. All animal studies were approved by the National Institute of Diabetes and Digestive and Kidney Diseases Animal Care and Use Committee.
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was determined over a 24-hour period by indirect calorimetry using a 12-chamber CLAMS system (Columbus Instruments) after 48 hours of acclimation, and resting energy expenditure was determined as the means of points measured when mice were not ambulating. Total and ambulating activities were determined by infrared beam interruption.
Responses to MTII. For food-intake response, single-caged mice received MC3R/MC4R agonist MTII (200 μg i.p., Sigma-Aldrich) or vehicle (saline, 100 μl i.p.) 30 minutes before lights out, and food intake was measured for 3.5 hours in the dark. For energy expenditure response, mice were placed in indirect calorimetry chambers for 24 hours at 30°C and received MTII (10 μg/g i.p.) or saline on the following day at 1,000 hours. Total O 2 consumption was measured for 3 hours after injection, excluding the first 1.5 hours after injection.
CREB phosphorylation in DMH. Brains were collected at 60 minutes after injection with MTII (10 μg/g i.p.). Brain sections were pretreated with heat-mediated antigen retrieval by incubation in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at 95°C for 30 minutes. Sections were then blocked in 5% horse serum (Vector Laboratories) plus 0.3% Triton X-100 at room temperature for 1.5 hours and then incubated with anti-phospho-CREB (Ser133) antibody (Cell Signaling Technology, catalog 9191) or anti-CREB antibody (Cell Signaling Technology, catalog 4820) and anti-GFP antibody (Life Technologies, catalog A10262) in 2.5% horse serum plus 0.3% Triton X-100 overnight in 4°C, followed by incubation with Alexa Fluor-conjugated secondary antibodies (Alexa Fluor 555 for pCREB and CREB [Life Technologies, catalog A21429]; Alexa Fluor 488 for GFP [Life Technologies, catalog A11039]). Imaging and quantification were performed using BZ-II Analyzer software, version 2.1 (Keyence).
Glucose and insulin tolerance tests. For glucose and insulin tolerance tests, overnight-fasted mice were given i.p. glucose (2 mg/g) or insulin (Humulin, 0.75 mIU/g). Tail blood was collected before (time 0) and at indicated times after injection for measurement of glucose using Glucometer Contour (Bayer).
Blood pressure, heart rate, and body temperature. Blood pressure and heart rate were measured with a BP-2000 Specimen platform (Visitech). Core body temperature was measured with a TH-5 rectal probe (Thermalet) inserted 1 cm deep at room temperature and hourly during 4°C exposure in mice caged individually without bedding. Food and water were provided ad libitum.
In situ hybridization. To measure G s α mRNA levels in the DMH, in situ hybridization was performed on brain slices from WT, E1 m-, and E1 p-mice using a 118-bp RNA probe for Gnas exon 1 (coding nucleotides 5-122). To measure Mc4r mRNA levels in the DMH, in situ hybridization was performed on brain slices from control and DMH-MC4RKO mice using a 520-bp Mc4r RNA probe (cDNA bp 1180-1700; GenBank NM_016977). Frozen brain sections were fixed and incubated in 0.25% acetic anhydride and 0.1 M triethanolamine hydrochloride dissolved in 0.9% NaCl for 10 minutes and then washed and dehydrated. 35 S-labeled probe (10 7 cpm/ml) was added to hybridization buffer containing 50% formamide, 0.2 M NaCl, 50 mM Tris HCl, pH 8, 2.5 mM EDTA, 250 μg/ml transfer RNA (tRNA), 10% dextran sulfate, and 50 mM dithiothreitol. The sections were incubated at 55°C overnight
